Abstract The historical changes in European Black Pine population size across the whole natural distribution in Europe and Asia Minor were analyzed facing the PlioPleistocene climatic fluctuations. Thirteen chloroplast SSRs and SNPs markers have been studied under the assumptions of "neutral evolution." Populations and metapopulations had different histories of migration routes, and they were strongly affected by complex patterns of isolation, fragmentation, speciation, expansion (1.88-4.28 Ma), purification selection (2.09-21.41 Ma) and bottleneck (1.85-21.76 Ma). A significant number of populations (min. 29-41%) were in equilibrium for very long periods. Generally, the bottleneck revealed by chloroplast DNA is weaker than the bottleneck revealed by nuclear DNA. The N e immediately after the bottleneck reaches between 1820 and 3640 individuals. Generally, the historical effective population sizes shrink significantly for the Tertiary period from 10-15 up to 2.5 Ma in Western Europe (by 82%), followed by Asia Minor (69%) and the Balkan Peninsula (28%), likely resulting from important climatic changes. The rates and frequencies of stepwise westwards migration waves have been not sufficient to prevent isolation between the meta-populations and to suppress "sympatric speciation." The migration was weak for the Pliocene, but was maximal for the Pleistocene, and finally silent for the present interglacial period, namely the Holocene.
Introduction
One of the main population genetics research goals of the last 50 years is to determine the role of demography, migration and selection on the evolution of organisms (Hartl and Clark 1997) . The estimation of genetic and demographic properties is important for species from isolated populations and long-time fragmented natural areas of distribution. From the "microevolution" theory, isolated populations are expected to show low genetic variability, low gene flow and low ability to cope with environmental changes due to drift and inbreeding (Chetverikov 1961; Dobzhansky 1982) . This is particularly important for tree populations, due to their fundamental roles in the ecosystem under climatic change and anthropogenic pressure (Kamari et al. 2010; Linares and Tiscar 2010; Bijlsma and Loeschcke 2012; Naydenov et al. 2014 Naydenov et al. , 2015 .
Available data have shown contrasting results from the "microevolution" theory for multiple organisms, especially in the natural distribution of forest tree populations Petit and Hampe 2006; Rafii and Dodd 2007) . Trees are long-lived plant species, show large ecological adaptation capacity and apparent resilience to disturbance and finally show multiple generations co-occurring on single and isolated sites. The latter feature helps to delay the loss of genetic diversity (Bacles and Jump 2010; Davies et al. 2010) . The high environmental heterogeneity in very large areas of natural distribution and repetitive disturbances, especially fire, is considered as essential for positive selective pressures and strong long-term local adaptation (Lowe 2005; Naydenov et al. 2006 Naydenov et al. , 2012 Savolainen et al. 2007; Kramer et al. 2008) . Persistent speciation might attenuate the loss of genetic diversity and extinction rates (Crow and Morton 1955; Eyre-Walker et al. 2002) . It is important to mention the role of migration as a factor for a marked change in allele frequencies. The gene migration forces act in opposition to speciation by attenuating the ongoing genetic differentiation among different isolated populations and, thus, prevent the evolution process of new taxa.
Effective population size (N e ) is one of the basic population genetics parameters (Wright 1938 (Wright , 1942 (Wright , 1969 , and it determines the rate of change in the composition of a population, i.e., the level of variability in a population and the effectiveness of selection caused by genetic drift in a population. A limited effective population size may cause (1) an alteration of frequency distribution of alleles across different sites and (2) genetic hitchhiking and background selection (Kimura 1983; Charlesworth 2009 ). For this reason, a population bottleneck, selective sweep, expansion, equilibrium or background selection must be investigated with special ad hoc models and not by simply documenting a reduction or increase in N e (Braverman Simonsen et al. 1995; Gordo et al. 2002) . The effective population size varies across the genome, from organelles (i.e., plastid: chloroplast, mitochondria, ribosomes, etc.) and chromosomes, as a result of the "recombination" versus "non-recombination" pattern.
Information about historical effective population size and immigration pattern is crucial to better establish the effective forest genetic resource management and protection, but also to predict the impact of climate change, reforestation and effect of domestication of forest tree species. Three main genetic lineages (i.e., meta-populations) of P. nigra, from Europe and Asia Minor have been analyzed (Naydenov et al. 2016 ). These analyses highlighted the existence of three meta-populations. The metapopulations are called, based on geography, (1) the western Mediterranean (AA), (2) the Balkan Peninsula (BB) and (3) the Asia Minor-Turkey (CC). However, no information on the effective size historical fluctuations was provided. Conservation protocols have to pay special attention on the migration and on the N e fluctuation for long geological period of climatic changes, as also described by Hofmann et al. (2014) , Frantz et al. (2014) , Bueno et al. (2016) , Thesing et al. (2016) and Yuan et al. (2016) . If a response of European Black Pine to climatic changes is expected, this species, however, appears rather resilient to fires based on paleoecological and dendrochronological studies (Christopoulou et al. 2013; Leys et al. 2014) .
Accordingly, we hypothesize that the different spatial and temporal responses at the meta-population level played an important role in effective population size fluctuation of European Black Pine, i.e., the N e fluctuated in the context of the "interglacial refugia" (20,000 years of warm and wet geological period) versus "macro-long-term refugia" (over multiglacial/interglacial cycle, i.e., 100,000 years). To explore some elements of the population's demography as a historical effective population size fluctuation under the assumptions of "neutral evolution," we generated new break through results, which provided new information about bottleneck, selective sweep, purification selection, expansion and equilibrium and the impact of the migration rates (gene flow) between the meta-populations (i.e., formations). Totally 106 natural populations were sampled, with and an average of 30 individuals per population (Naydenov et al. 2016) . The aim of our study is to provide answers to the four following questions: (a) What was the N e in populations after bottleneck, expansion, positive selection and equilibrium? (b) When were significant historical effective population size fluctuations observed? (c) Are there N e -based differences between meta-populations? (d) What is the migration pattern between main meta-populations and how it contributed to shape the demographic and phylogeographic structure?
Materials and methods
The full description of sample collection from 106 natural Black Pine populations (3154 individuals), population geographic data, DNA extraction, laboratory manipulations and statistical methods used are presented in Naydenov et al. (2016) . To sum up, the sampled area covers the entire range of the Pinus nigra, from 5.1°N to 48.1°N latitude (from Morocco to Austria) and 4.7°W to 39.1°E longitude (from Morocco to Turkey). The data are from specific hotspot regions of chloroplast genome as described by Vendramin et al. (1996) . Sequence variation in 13 regions was investigated: seven SSRs (single sequence repeats, i.e., size variations) and six flanking regions with single nucleotide polymorphisms (SNPs); for more information, please see the DATA-S (Electronic supplementary  material) .
Here, we we tested whether the historical effective population size varied through time and across the populations and meta-populations from the western Mediterranean (AA), the Balkan Peninsula (BB) and Asia Minor-Turkey (CC). The meta-populations were determined by the admixture model of spatial population genetic analyses (BYM algorithm; Fig. 1 ). To avoid confusion, the terms "metapopulation," "formation" or "admixture cluster" were used hereafter as synonyms in sensu lato (s.l.). There is a great deal of discussion regarding their definitions, which is beyond the scope of the current study (Table 1) .
Historical migration rate (M)
We obtained coalescent-based estimates of maximum posterior values of historical effective population size and migration rate between the European Black Pine formations by using Bayesian and Maximum likelihood inferences from MIGRATE-n v.3.0 program (Beerli 2006) . The time scaling is in "time units," i.e., in units of mutation rate scaled to the generation (1 unit ≈ 1.2 million years [hereafter Ma]; number of generations = 1/µ). To discard any misinterpretation, we used the MIGRATE algorithm using the coalescent theory of Kingman (1982a, b) , but the time scaling in output files of the program was in the "time unit," which is independent of effective population size, and the "time unit" was different from the "coalescent unit." One "coalescent unit" is equal to 1N e for haploid and 2N e for diploid DNA in generations. In the present manuscript, we have only used "time unit" as defined by (Beerli 2006) . The MIGRATE program was used for the chloroplast DNA data for a large number of species (Edh et al. 2007; Clark and Carbone 2008; Bai et al. 2010; Wang et al. 2011; Naydenov et al. 2014) .
Preliminary tests were performed to adjust the method of analysis to the different groups of populations: AA-1 to AA-5; BB-center, northern, southern, eastern and western; CC-1, 2, 3, center, northern, southern, eastern, western (Table 2; see Naydenov et al. 2016) . The initial test with Fig. 1 The studied natural populations of Pinus nigra (Arn.) and the principal edges of genetic diversity determined by the BARRIER program (dashed line) and the model-based method of STRUCTURE/ TESS programs (solid line) according Naydenov et al. (2016) on the top. The present natural distribution of the European Black Pine (blue polygons) according EUFORGEN; the dashed line is the probable limit of the area of distribution of the ancestors of the European Black Pine (Pinus thomasiana Goepp. and Reich; and Pinus laricioides Menzel) in the Tertiary epoch (i.e., Eocene, Oligocene, Miocene and Pliocene) according the paleobotanical artefacts (Stefanov 1941 (Stefanov /1942 (Stefanov , 1943 Gorbunov 1958; Dijkstra 1973; Palamarev 1989; Arslan et al. 2012; Ehrendorfer 2013) . (Color figure online) 700 cores of high-performance computing (HPC) system suggested the use of a dataset with no more 90-100 individuals for each scenario (i.e., for two admixing edges AB and BC). This calibration is important to determine the reasonable time-consuming calculation versus stable results (at SE ≤ 5% for 20 independent replicates). Similar samples sizes, in agreement with the MIGRATE-n v.3.0 program manual recommendations, have been used for chloroplasts and mitochondrial DNA in other plant (see above) and animal case studies (Carreras et al. 2007; Juste et al. 2009; and Lin et al. 2009 ). The MIGRATE-n v.3.0 program (Beerli 2006) was used in more than 500 similar studies for large numbers of organisms (please see the program credits from http://popgen.sc.fsu.edu/Migrate/ Info.html).
After that, we used two sets of data (AA/BB and BB/ CC). Each set of data has two representative populations of 36 individuals for a total of 72 individuals. To avoid imbalance between sample size of formations and to examine the most recent migration patterns, we used the most frequent haplotypes with the minimum frequency of 5% for the simulation, using initial "theta" and migration parameters derived from F st -like calculations, as described by Beerli and Felsenstein (1999) , a free-to-vary custom migration model without predetermined geographic distances, 5 9 10 5 burn-in interactions and 5 9 10 4 sample outputs, one long chain (long chain ε = infinity) and four heating temperatures (between 1 and 50), and sum-Gelman convergence for the MCMC search strategy.
The haplotype choice for the MIGRATE program is very important and depends on the objective of analysis. There are two principal strategies: (a) to use the most frequent haplotypes; and (b) to use haplotypes related to the MRCA. According to the type of basic data available and study aims, we selected the former strategy. The use of the most frequent haplotypes allows to: (1) complete analysis with N e historical fluctuations at population and meta-population levels of large number of "neutral tests" as G-T, R-H and Tajima's D/Fu's Fs tests (all method assuming "neutral mutation"); (2) DNA fragments can be moderately long (<5 kb); (3) obtained results of historical migration patterns are, for recent times, related to the Tables 1S and 2S ; T is time of occurrence of the bottleneck measured in units of 2N e generations, i.e., Gen = 2TN e at N e are historical effective meta-population sizes 23,437; 93,750 and 40,178 individuals, respectively, for AA, BB and CC formations; the historical effective meta-population sizes are from n-MIGRATE program (Beerli 2006) , from Tables 3S, 4S and 5S; Tau (τ) is time of most recent range expansion-τ = 2µt, t is the time in generations (Gen = τ/2µ at μ = 5.6 9 10 (Tajima's 1989; Fu 1997); 3 SweepBOOT v.1 (Galtier et al. 2000) ; 4 ARLEQUIN v. 3.1 (Excoffier et al. 2002) and DNAsp v. 5.10.1 (Rozas et al. 2003) Eur J Forest Res (2017) 136:767-786 771 results from G-T and Tajima's D/Fu's Fs tests; (4) the sample size is more close to reality-i.e., mixing of haplotypes is close to observed population structure. MIGRATE implements a likelihood analysis with Metropolis algorithm using random coalescence to calculate genetic parameters. The Metropolis Monte Carlo sampling technique allows the concentration of sampling in regions that contribute to the final result. For the Markov chain Monte Carlo (MCMC) search strategy approach in the maximum likelihood (ML) method, the "start parameters" must be very close to the maximum likelihood values. For this reason, it is necessary to run multiple short chains. The result of the last chain was used as the "starting value." The Bayesian and maximum likelihood inferences from MIGRATE have produced similar results. The service of CLUMEQ (Compute Canada-McGill University, a nationwide network of HPC installations; http://support. clumeq.ca) was used for computing support. To avoid confusion, for all interpretation in the present publication, we used the result of MIGRATE-Bayesian inference.
Historical effective population size fluctuation (N e )
The effective population size fluctuations are the result of two principal events: demographic and selective, i.e., interaction of population with its environment. The demographic events include expansion, bottleneck and founder effects, and the selective events include positive, neutral, purification and directional selection (selective sweep). The more popular methods for studying the N e fluctuation for variants of a nucleotide sequence in a population are: (1) the test D-statistics from Tajima's D/Fu's Fs test (Tajima's 1989; Fu 1997) , (2) the methods based on pairwise differences of Rogers and Harpending (1992) and Harpending (1994) and (3) the method to compute likelihoods under the coalescent model of G-T test (Griffiths and Tavare 1994a, b) . The first two methods are more adapted for populations under the assumptions of constant population size and non-migration (or low migration). The third method is better for panmictic populations.
Historically important changes in population size were studied by Tajima's D/Fu's Fs test and the Rogers and Harpending test (i.e., the Harpending's Raggedness index, H-R), using the ARLEQUIN v. 3.1 (Excoffier et al. 2002) and DNAsp v. 5.10.1 (Rozas et al. 2003) software. The test computed the difference between the mean number of pairwise differences (Theta-Pi) and the number of segregated sites (Theta-k), i.e., the test determines the difference between DNA sequences evolving randomly (i.e., neutrally), or under a non-random process. We used Fu's simulation from Fu's Fs test (similar to Tajima's D) because it was a more sensitive indicator of population 
N 1 -present effective population size; r-rate of effective population change; t f -time in generation; N o -ancestral effective population size; the number of years for one generation is 68 from Naydenov et al. (2016) ; the used data are from Kamari et al. (2010) and Naydenov et al. (2011 Naydenov et al. ( , 2014 Naydenov et al. ( , 2015 expansion and genetic hitchhiking (Fu 1997) . According to these authors: (1) a population evolving as per mutationdrif "equilibrium with no-evidence of selection" shows D = 0 with p ≤ 0.05; (2) "balancing selection" or "recent sudden population contraction" shows D[0 with p ≤ 0.05; (3) "recent selective sweep linked to a swept gene" or "population expansion after recent bottleneck" shows D\0 with p ≤ 0.05. In case of D ≠ 0, the use of an additional "neutral test" as G-T (i.e., Griffiths and Tavare 1994a, b ) is recommendable to discern among "balancing selection" and "recent sudden population contraction" (both for D[0 with p ≤ 0.05); and among "recent selective sweep linked to a swept gene" and "population expansion after recent bottleneck" (both for D \ 0 with p ≤ 0.05). The number of years per generation was estimated 68 (Naydenov et al. 2016) , and it was used in the calculation of occurrence time for the demographic fluctuation of European Black Pine. The Fu's Fs test has been widely used with chloroplast DNA data (Liu et al. 2013; Gao et al. 2015; Du and Wang 2016) . To determine how "recent bottlenecks" or "selective sweep" (maximum 10N e back in time, i.e., maximum 6.8 Ma if N e = 10,000 and 68 years is one generation) occurred in the populations' demographic history according to their chloroplast DNA sequences for the Fu's Fs test D ≠ 0 (p ≤ 0.05), we used the maximum likelihood method implemented in SweepBOOT v.1 (Galtier et al. 2000) , which excludes sequences violating the assumptions of the "infinite site model," under the hypotheses of neutrality and constant population size, with 10 4 interactions. The algorithm used to identify apparent bottlenecks at specific loci is described in Griffiths and Tavare (1994a, b) . The prior population size (theta), time of occurrence of the bottleneck (T) and coalescence pressure (S, strength of bottleneck) was set at 0.1/10.0 units (for mono-parental DNA one unit of T is equal to N e ). The same algorithm was used for chloroplast data by Taylor and Keller (2007) and Brooks (2012) . All N e historical fluctuation methods (i.e., Tajima's D/Fu's Fs; R-H; and G-T tests) and historical migration pattern from MIGRATE program assumed neutral mutation/selection model from the Neutral Theory of Molecular Evolution (Kimura 1983) . The correlations of the parameter from the five sub-groups of demographic fluctuations from Tables 1S-5S versus population longitude and latitude data are according to the method of Naydenov and Alexandrov (1999) and Naydenov et al. (2002) .
To avoid confusion related with the name of geological epochs, especially for Pleistocene and Pliocene, we used terminology provided by Gradstein et al. (2004) and accepted by the International Commission on Stratigraphy as International Stratigraphic Chart-2008 (http://www.stra tigraphy.org/ICSchart/StratChart2008.pdf). In the present manuscript, we have set the base of the Pleistocene (Quaternary) at 2.6 Ma. The traditionally used Tertiary comprises the Pliocene (2.6-5.3 Ma), the Miocene (5.3-23.0 Ma) and the Paleogene (23.0-65.5 Ma).
Results

Historical migration rate (M)
The average N e values are 23,437, 93,750 and 40,178 individuals for formations AA (the western Mediterranean), BB (the Balkan Peninsula) and CC (Asia MinorTurkey), respectively (at SE ≤ 5% for 20 independent replicates). The variability of historical effective population size inside of the 3 meta-populations is very low (data not shown). The maximum population size in the past appears to have been in the admixture cluster BB, followed by the CC and AA formations. The average historical effective population sizes are for the period from minimum of the time of the detected migration signal from same region (i.e., 1.7-2.5 Ma, early Pleistocene). The historical waves of migrations represented in Fig. 2 show the recent migration pattern.
The migration flow and "theta" (Watterson estimator "theta" = 2N e µ for haploid DNA) values obtained here indicate that past genetic flow via pollen was not simultaneous and equal between meta-populations from the AA, BB and CC regions. The most intensive gene exchange was between the Balkan Peninsula (BB) and Asia Minor (CC) populations, i.e., across the BC edge that corresponds to the Aegean and Marmara Seas. Nine major migration waves involving more than 150 thousand individuals were identified from the BB to CC admixture clusters (Fig. 2,  bottom) , while migration in the opposite direction appears to have been less intensive, with eight major migration waves involving 120 thousand individuals. Evidence of multiple, more restricted migration waves involving approximately 25-50 thousand individuals was also obtained, likely with a less pronounced contribution to the genetic pool. One migration wave (i.e., one pic) shown in Fig. 2 bottom represents migration events for a minimum of 12,000 years. The signals of the historic waves of migration between formations BB and CC maximum are 2.5 Ma Plio-Pleistocene transition.
The migration pattern between formations in the region west of the Adriatic and Ionian Sea basins (AA) and Balkan Peninsula (BB) admixture clusters, i.e., across edge AB, was less balanced. Six major waves of migration occurred, involving a minimum of 175 thousand individuals and multiple smaller waves involving 75 thousand individuals from BB to AA. In the opposite direction (from AA to BB), the migration flow was weaker, as eight waves occurred, involving a maximum of 75 thousand individuals and multiple, very small waves of 10 thousand individuals. One migration wave (i.e., one pic) shown in Fig. 2 (top) represents migration events for a minimum of 8000 years. The signal of historic migration through the AB edge dates to a maximum of 1.7 Ma, early Pleistocene (Fig. 2, top) . The oldest and youngest major waves of effective pollen transfer were from Asia Minor (CC) to the Balkan Peninsula (BB).
Historical effective population size fluctuation (N e )
G-T TEST:
The results of historic demographic population fluctuations based on sequences that do not violate "infinite site model" assumptions indicate the presence of a bottleneck that generally occurred a long time ago (≥0.5 units) of a 2N e generation over the natural distribution area of the European Black Pine (Tables 1S-2S from Appendix, Electronic supplementary material). The method of Griffiths and Tavare (1994a, b) showed diversity reduction in 55 populations (p ≤ 5%). The Shapiro and Wilk (1965) test of normal distributions for the same population for the historical effective population size immediately after the bottleneck (N e−1 ) showed the deviation of Gaussian distribution. We tested different data transformations according to Alexandrov (1999, 2000) , but the normal distribution was impossible to reach. The normal probability plots (Q-Q plot) and histograms showed a polymodal distribution for any data transformation (data not shown). This is an indication that results represent different demographic scenarios for the diversity reduction of N e−1 in 55 populations. Therefore, we decided to split the data in two sub-groups according to the logarithm of maximum likelihood probability (L-ratio); i.e., 0.01 \ p ≤ 0.05 and p ≤ 0.01 (Tables 1S-2S from Appendix, Electronic supplementary material).
Pure bottleneck group
The high-probability sub-group with p ≤ 0.01 showed normal distribution for biological data after removing the population AT-03 (S-W-statistic = 0.909 at p \ 0.05). This sub-group is named the pure bottleneck group with average N e−1 = 3200 (SD = 1.484). Bottlenecks were detected, with statistical support L-ratio (p ≤ 0.01), in 24.5% of the populations (i.e., 26 populations; Table 1S from Appendix, Electronic supplementary material), generally a long time ago (according to the time limit in the SweepBOOT software). Evidence of a strong bottleneck was found for 5 populations, with no indications of a specific geographic location, such as Iberian Peninsula, Balkan Peninsula or Asia Minor ( Fig. 1S ; Table 1S from Appendix, Electronic supplementary material). In this sub-group, the past reductions in effective population size were not limited to specific parts of the natural distribution area of P. nigra. Diversity reduction was observed in 4, 5 and 17 populations from the western Mediterranean, Asia Minor and the Balkan Peninsula formations, respectively (Table 1S) . Average observed bottlenecks were weak (i.e., S\8.0) and less pronounced for CC (S av = 0.759), BB (S av = 0.569) and AA (S av = 0.336) formations; please see Table 1 . The time (min/max) for the bottleneck signal at the meta-population level was different: 2.10/5.79 Ma (Pliocene) for Western Europe, 1.27/26.51 Ma (from late Oligocene to early Pleistocene) for the Balkan Peninsula and 4.32/ 9.76 Ma (late Miocene to early Pliocene) for Asia Minor (Table 1 ). The average times for N e reduction are 3.45 Ma (SD = 1.6), 15.86 Ma (SD = 5.9) and 6.31 Ma (SD = 2.2), respectively. The bottleneck was observed in 21, 32 and 15% of the natural populations from AA, BB and CC metapopulations, respectively, and the historical effective population size immediately after the bottleneck was 2730 (SD = 1482), 3640 (SD = 1518) and 1820 (SD = 814) individuals, respectively (Table 1) .
The second sub-group (low-probability sub-group) with 0.01 \ p ≤ 0.05 did not fit well with the bottleneck model of Griffiths and Tavare (1994a, b) implanted in Sweep-BOOT v.1 program and probably represented the natural populations in the final step of purifying selection, i.e., very strong stabilizing selection (s.l.; Table 2S ). The purifying selection is one kind of stabilizing selection by the selective purging of deleterious variations. In this sub-group, there were 29 natural populations from all geographic regions ( Fig. 1S ; Table 2S from Appendix, Electronic supplementary material). The N e−1 data showed a polymodal distribution for any data transformation, which indicates the complex and different demographic scenarios in the studied populations (data not shown). For this reason, the obtained data must be interpreted with precautions. The purifying selection was observed in 42, 21 and 29% of the populations from the regions of the western Mediterranean (AA), the Balkan Peninsula (BB) and Asia MinorTurkey (CC), respectively ( Fu's Fs TEST: Fu's simulations showed negative values (Fs; D\0.0), implying that Theta-Pi was less than Theta-k, i.e., fewer haplotypes than numbers of segregating sites (Tables 3S-4S ). The relative low frequency of polymorphisms to the expected polymorphisms indicates population size expansion after bottleneck and/or purifying selection. To avoid speculative interpretation, we applied the same strategy as for the pure bottleneck and purifying selection analysis. For this reason, we decided to split the results into two sub-groups, according the Harpending's Raggedness index (H-R) probability, i.e., 0.01 \ p ≤ 0.05 and p ≤ 0.01 (Tables 3S-4S ). The high-probability subgroup was named the pure expansion model, and the lowprobability sub-group was named the mixed expansion model (s.l.), i.e., expansion with very strong positive selection.
Pure expansion
The analysis of the "pure expansion" model showed that 18 populations evolved under non-random processes generally present in 41% of Asia Minor (CC), fewer than 10% in western Mediterranean (AA), and less 4% in Balkan Peninsula (BB) formations. Detailed results at the population level are in Fig. 1S and Table 3S . The N e−1 data showed the polymodal distribution for any data transformation, i.e., the data varied significantly from the expected pattern if the data were drawn from a group (population stat. meaning) with a normal distribution (data not shown). The time of occurrence (min/max) was very similar between all meta-populations: 2-5 Ma (Table 1 ). The level of maximum historical effective population size after expansion was very different in each region: N e−1 was 119 thousand individuals in Western Europe, 484 thousand individuals for Asia Minor and 663 thousand individuals for the Balkan Peninsula (Table 3S ).
Mixed expansion (s.l.)
The mixed expansion model sub-group for 16 populations was observed in 10% from AA, 17% from BB and 15% from CC meta-populations ( Fig. 1S ; Table 4S from Appendix, Electronic supplementary material). The data do not fit with a normal distribution (data not shown). The occurrence was between 2 and 4 Ma (Pliocene to early Pleistocene); N e−1 was 189, 328 and 754 thousand individuals for the western Mediterranean (AA), the Balkan Peninsula (BB) and the Asia Minor (CC) meta-populations, respectively (Table 1 ).
Equilibrium (s.l.)
The populations that did not belong to the above-mentioned four sub-groups of demographic fluctuations ("pure bottleneck," "purifying selection," "pure expansion" and "mixed expansion") have been interpreted as populations in "equilibrium" (s.l.; Table 5S ). The gene frequencies reached an equilibrium between mutation and selection pressures in this sub-group and was logically between the reduction and expansion of historical effective population size. For the population in equilibrium, the historical N e −1 fluctuations were within sustainable range for a long period (Table 1 ). The obtained data from N e−1 showed strong deviations of normal distribution (data not shown). The populations number from the equilibrium sub-group fluctuated through time and was a minimum of 32, 41 and 29% of populations from principal formations, respectively (Tables 1, 5S ).
The Mann-Whitney U statistic (i.e., rank sum test; Mann and Whitney 1947) has been applied to compare the five sub-groups of demographic fluctuations. The difference in the median values between some sub-groups is not relevant enough to exclude the possibility that the difference is due to random sampling variability (p [ 0.05). On the contrary, differences between groups 1 ("pure bottleneck" and "purifying selection") and 2 ("pure expansion," "mixed expansion" and "equilibrium"), i.e., the "reduction events" versus "expansion events," are statistically significant (at p \ 0.05). The correlations of the parameter from the five sub-groups of demographic fluctuations from Tables 1S-5S versus population longitude and latitude data did not show specific patterns, i.e., cline variations were not observed (data not shown).
Discussion Historical migration rate (M)
The historical wave of migration through the AB edge (i.e., between the Balkan and the Apennine Peninsula) suggests that there was a non-equal exchange of gene, with a strong tendency for stepwise westward migration during the Pleistocene period (see Fig. 2 , top). Migration waves from the Balkan to the Apennine Peninsula (Italy) occurred approximately twice over the last 1.75 Ma (Pleistocene). Migration toward the BC edge appears to have been balanced over the last 2.5 Ma (Pleistocene) and has occurred in multiple waves. The origin of this result is (1) a relatively short period of contact zone and (2) relatively restricted areas. This conclusion applies strictly to P. nigra, but other trees with similar biology distribution range may have been subjected to a similar history. No references were found for trees describing the relationship between the migration pattern, TMRCA and the most recent split. This question is important to establish a management strategy to protect biodiversity respectful from the population genetic dynamics in natural populations.
The oldest major wave of migration identified by coalescent analysis originated from Asia Minor toward the Balkan Peninsula (i.e., edge BC; Fig. 2, bottom) . The obtained migration history and strong signal of range expansion from Balkan Peninsula support the hypothesis of a westward migration for some trees from the Mediterranean region (Mirov 1967; Stebbins 1974; Petit et al. 2005 ) and possible eastern origin for the ancestors of European Black Pine and some Neogene Mediterranean pines (Vidakovic 1991) . The documentation of similar patterns of westwards migration of plants in the Mediterranean area was reported for Fagus sylvatica and F. orientalis (Comps et al. 2001) , Quercus ilex (Lumaret et al. 2002) , Androcymbium gramineum (Caujape-Castells and Jansen 2003), Frangula alnus (Hampe et al. 2003) and Pinus halepensis (Fady-Welterlen 2005) . The strong signal of migration pattern from Asia Minor (Turkey) to the Balkan Peninsula was not observed for the Pleistocene and late Pliocene epoch (Fig. 2, bottom) .
The present data showed that migration between principal formations occurred in multiple waves (and not as a constant flow) and that it occurred in both directions, from west to east and vice versa. Only the accumulated differences in the migrant number over a significant time period (combined with natural selection and drift) created the present phylogeographic structure. The migration pattern obtained here is from the Holocene and the Pleistocene (max 2.6 Ma; Fig. 2 ). More intensive migration patterns were inferred from the Pleistocene, which is rich in multiple glacial-interglacial cycles lasting one million years, with large temperature fluctuations (Fig. 3S, top) . The 0-0.1 Ma signal of European Black Pine migration is silent for both edges of admixing (Fig. 2) . Chloroplast DNA evidences shown a period of significant rarefaction for Black Pine likely started in the last 100,000 years (0.1 Ma), the upper Pleistocene that includes the Late Glacial Maximum (25,000-18,000 years) where forests and tree populations tremendously suffered from spatial contraction in glacial refugia. However, this period further contains the birth of agriculture during the Neolithic (since 12,000 years depending on regions in the Mediterranean basin), which was an important cause of deforestation through pastoralism and eventually fires, and of tree transplantation during modern times (Flannery 1994; Brown 1997; Lee and Daly 1999) .
For plants, which pollen and seeds are dispersed by wind, the effective radius of distribution of seed and pollen has significant differences and depends on multiple factors that can vary greatly among populations. Many conifer trees have effective distribution of 100 m maximum for seed and 1 km maximum for pollen per generation (Gonzalez-Martınez et al. 2002; Chybicki and Dzialuk 2014; Heredia et al. 2015) . For this reason, a "contact zone" should be interpreted for the long-and short-distance gene transfer and separated and non-separated (i.e., close contact) populations, respectively. For the same gene flow, a close contact needs three-fourfold less area.
Migration waves occurred during a period of 8000-12,000 years; for each period, the migrant number was between 25 and 175 thousand individuals. The minor waves of migrations occurred more often (Fig. 2) . The major migration waves represent 1.0-1.5 thousand individuals per generation of 68 years. If we speculate that a contact zone was 300 km 2 , then the migrant number was between 3 and 5 individuals per km 2 per generation. This is similar to P. nigra results obtained over the last 30 years based on enzymes and DNA (Goncharenko and Silin 1997; Cengel et al. 2012; Rubio-Moraga et al. 2012; Bonavita et al. 2015) . The recently published data regarding Pinus pinaster migration across the genetic barriers of the Straits of Gibraltar and the Pyrenees Mountains showed similar results ( Fig. 2 ; Naydenov et al. 2014) . Note that one time unit for nuclear DNA is approximately 120,000 years and for chloroplast DNA is approximately 1.2 Ma due to the different mutation rates (i.e., µ nu vs µ ch ; ≈ 5.6 9 10 −4 vs 5.6 9 10 −5 ).
This calculation allows us to conclude that the intensive migration between the principal meta-populations was nonpermanent, short (less of 5% of scanning period) and in a restricted area of 100-300 km 2 . The multiple minor waves of migrations are likely the result of long-distance gene transfer or very restricted area of close contact, such as 10-30 km 2 . Multiple migration waves between the main formations did not seem to have significant impact on the TMRCA, the more recent split, and continuous "sympatric speciation." This speciation is very slow, rich in intermediate phenotypes and incorporates isolation with migration model, in which the principal meta-populations diverge despite that some gene flow continued. The obtained data of TMRCA and the more recent split from Naydenov et al. (2016) are the result of more intensive migration in the past, followed by very long isolation, i.e., the most recent split appeared after a long period of isolation. In Fig. 2 , the isolation for the edge BC is confirmed by a small migration score in the 1.5-2.5 Ma period (late Pliocene up to early Pleistocene). We can speculate that this isolation was longer, but we cannot document older patterns of migration ([2.5 Ma), because of methodological constraints. It is important to determine that 8-9 contact zones of reduced area (100-300 km 2 for a period of 8000-12,000 years) were not sufficient to compensate for the isolation effect between the Black Pine meta-populations and continuing intensive sympatric in situ speciation at each geographic location. Generally, the TMRCA should be less than the divergence time of the meta-populations (Beerli 2006 (Beerli , 2009 .
Pinus nigra and historical climate change in Europe
Starting from the Eocene epoch, the average global temperature had started to progressively decrease, according Scotese and Golonka (1992) and Scotese (2001) . This likely caused a decline in occurrence extent of the Black Pine ancestors. One of the first palaeobotanic studies in Europe to confirm the presence of P. nigra ancestors in the Neogene over a large area outside of the Mediterranean region is that by Mirov (1967) . The presence of this species outside of the Mediterranean region probably declined as a result of its inability to follow climactic fluctuations during the period of humidity and temperature changes. The simulations of forest communities space fluctuation (Eder et al. 2008 ) based on multiple palaeobotanical remains in Europe in the last 15 Ma (Miocene) confirm this scenario, which supports by the present study the existence of a long and ancient bottleneck. The palaeobotanical remains showed larger areas of distribution of ancestors of European Black Pine (Fig. 1, bottom) in the Tertiary epoch, i.e., from the Eocene to the Pliocene (Stefanov 1941 (Stefanov /1942 (Stefanov , 1943 Palamarev 1989; Arslan et al. 2012) . Starting from this period, the ancestors of P. nigra had lost competition in this part in Europe, which can explain the large reduction of the historical effective population size in meta-populations from Western Europe, and the relatively long bottleneck and purification selection over its modern area of distribution (Gorbunov 1958; Dijkstra 1973; Ehrendorfer 2013) .
European Black Pine ancestors relatively quickly abandoned large areas of Western Europe from the present region of Denmark. The quick migration reached the area limit of the southern part of Western Europe, likely close to central France. These fragmented populations had small N e . We speculate that, since this period, the meta-population AA has kept smaller effective population size. The European Black Pine ancestors that progressively moved southwards may be in relationships to changes in climate. The most adapted soil moisture regimes for P. nigra, as probably for its ancestors, would be semiarid climate or under cool winters and dry-warm summers (Vidakovic 1991; Mihailov 1993) . The southern migration of European Black Pine was the result of humid pressing in a double front for western Europe (Atlantic and Northern climatic components) at narrow geographic regions with high speed for short period about 10 Ma, middle Miocene (i.e., 4-5 Ma before the signal of N e fluctuations from same region) and significant loss of gene pool. Then, the P. nigra ancestors would remain in the southwestern Europe generally in "interglacial refugia." During the last one million years, the earth climate had experienced between 10 and 12 glacial periods (Fig. 3S, top) according Milankovitch (1920 Milankovitch ( , 1930 Milankovitch ( , 1941 and Richmond and Fullerton (1986) , in which P. nigra populations were subjected to expansions of their distribution area during the glacial periods, and contractions during the interglacial.
In Central and Eastern Europe, the humid ecological conditions were generally in a single front from the northern climatic component, at a large geographic region with slow speed (less than average) and moderate loss of gene pool, for a long period about 25-30 Ma, Oligocene (i. e., 4-5 Ma before the signal of N e fluctuations from same region). In the main territory from Central and Eastern Europe, loss of area was very slow, and the Black Pine ancestors had close concentrations toward the present Balkan Peninsula and northern and eastern Black Sea regions. Starting from this period, the region was under significant topographic and tectonic transformation related to the Tethys and Paratethys Seas and Balkan-Pontides microplates ( Fig. 3; and Figs. 2S-3S from Appendix, Electronic supplementary material). The disappearance of the "Pannonian Sea" and the development of European mountain complex under favorable climatic transformation likely allowed a larger effective population size, and larger variability, supporting the idea of an eastern origin for this species (Naydenov et al. 2016) . During the Pleistocene, multiple glaciations were responsible for the transformation of large regions of Southeastern Europe: the Pannonian, Dacia, Northern Black, Caspian, Aral and Azov Seas watershed in wetlands (Fig. 3S) . That region is well known as the "Sarmatian sea" from the last glacial depression (Belousov et al. 1988; Popov et al. 2004; Jipa and Olariu 2009 ) The repetition of glaciations fragmented a significant portion of the European Black Pine natural population area in that region since 1 Ma. Today, Pinus nigra persisted only in well-drained and dry spots as the Crimea Peninsula, eastern Black Sea coasts and the Carpathians. The wetlands regions did not reach Balkan Peninsulas southern of Danube River and Asia Minor (Turkey). The P. nigra ancestors' region from Turkey and the Balkan Peninsulas remained better protected from climatic fluctuations and cataclysms as "macro-long-term refugia." Differences between past scenarios in the Western and Central-Eastern Europe since 20 Ma likely imprinted the P. nigra phylogeographic structure. These phylogeographic evidences match the results for other plants and animals (Finch et al. 2009; Hofmann et al. 2014; Frantz et al. 2014; Bueno et al. 2016; Yuan et al. 2016) .
The Quaternary and late Tertiary climatic fluctuations paralleled the tectonic history of the Alps Mountain complex. The raising of Alpine orogeny in Europe stopped before 2.5-7.0 million years, after non-constant altitude fluctuations during the Paleogene and Neogene periods (2.5-65.0 Ma; Moores and Fairbridge 1998; Poulsen et al. 2015) . The first topographic on setting of low-elevation Alpine mountain complexes dates back to the Rupelian age (approximately 28.1-33.9 Ma; HAGRC 2009; Champagnac et al. 2009 ). Consequently, the climate became more humid over Europe, especially the Mediterranean region and Western Europe (SGN 2012; Campani et al. 2012) .
The Plio-Pleistocene climatic fluctuations interacted with the frequency and intensity of forest fire. The disturbance of forest fire had a major impact on the pine's phylogeographic structure, morphology and physiology (Naydenov et al. 2006 (Naydenov et al. , 2012 He et al. 2012) . Although Pinus nigra is less adapted to fire than other thermophilous Mediterranean pines, such as P. halepensis and P. pinaster, it appears rather resilient based on paleoecological and dendrochronological studies (Christopoulou et al. 2013; Leys et al. 2014) . It is possible that forest fires played special and different roles in the context of the "interglacial refugia" versus "macro-long-term refugia" by changing biogeochemical cycles and biotic interaction. This impact lasted for long periods and probably had an impact on ancestral forms, subspecies and varieties of European Black Pine. The significant population shrink observed from 10 to 25 Ma is the result of: (a) climatic changes from dry to more humid and cool climates, (b) the change of forest fire disturbance sequences and (c) changes in biotic communities. The combination of forest fire and forest succession patterns are probably responsible for the different effective population size historical fluctuation sequence patterns observed from Asia Minor (Turkey) versus the remaining areas of P. nigra. More details regarding N e fluctuations are discussed in the following paragraph.
Further progresses in the study of the complex relationship between the Quaternary and late Tertiary climatic change, tectonic dynamic, ancestor's structure and the obtained historical genetic structure of the European Black Pine may come from population genetic simulation tools, which allow to validate inferences analysis from empirical studies. and tectonic data are compiled from many sources, but are especially influenced by Ziegler (1988) , Geary et al. (1989) and Sengor and Natalin (1996) Eur J Forest Res (2017) 136:767-786 779 Historical effective population size fluctuation (N e ) At the meta-population level, the N e for the last 1.7-2. Naydenov et al. 2016) . These N e differences likely result from a long bottleneck and purification selection through a complex of biotic and abiotic factors following the global climatic change and topographic/tectonic transformation in Europe and the Mediterranean basin. Generally, the chloroplast effective population sizes shrunk significantly by 82% in Western Europe, by 69% in Asia Minor, and by 28% in the Balkan Peninsula. Black Pine lost vast portions of its range during the last 100,000 years (measured value), i.e., during the Holocene probably linked to human activities. Fluctuations in the effective population size of the three large P. nigra formations (AA, BB and CC) show different patterns. For the western European meta-population (AA), the demographic fluctuation revealed by chloroplast DNA reveals that purification selection had started approximately 7.9 Ma, and progressively reached approximately 42% of all populations at 5.7 Ma (late Miocene; Table 1 ). Significant presence for this kind of selection was at 3.6 Ma, started to decline at 3.9 Ma and ended at 2.1 Ma (early Pleistocene). In the final step of this period of accelerating presence of purification selection, some populations started to experiment bottleneck (5.8 Ma, late Miocene). The bottleneck reached maximum presence in 21% of the pine area in this region at 5.1 Ma (early Pliocene) and continued for a period of 3.2 Ma (Table 1) . The bottleneck started to decline at 2.1 Ma and finished relatively quickly at 1.9 Ma. The purification selection and bottleneck acted together for long time. In the end of this period, very slow expansion mixed with strong positive selection at 4.43 Ma and reached its maximum shortly at 4.42 Ma for 10% of all populations (early Pliocene; Table 1 ). This slow expansion continued for a period of 1.4 Ma and declined shortly 3.0 Ma (late Pliocene). Almost immediately after this period, the populations from same geographic area (western European meta-population) experimented pure expansion of the N e , which started 2.9-3.1 Ma in 10% of populations (late Pliocene). The pure expansion had started to decline 2.0 Ma and totally disappeared at 1.9 Ma (early Pleistocene; Table 1 ). The average individuals number for the demographic reducing events of the effective population size was 2730-4540; for demographic expansion events, N e reached 119-189 thousand individuals. The equilibrium population number was a minimum of 32% and for some period increased to 58% (Table 1) .
The effective population size in the meta-population from the Balkan Peninsula (BB) had started to experiment purification selection 27.3 Ma (Oligocene) and reached a maximum of 21% of the population at 21.4 Ma (early Miocene). This period lasted for long (8.6 Ma) and declined shortly between 11.0 and 12.8 Ma (Table 1 ). The total period of purifying selection was 16.3 Ma. The bottleneck appeared shortly after the purification selection, at 26.5 Ma (Oligocene) and reached its maximum at 21.8 Ma up to 10.0 Ma (early to middle Miocene) in 32% of populations. After this period of 10.8 Ma, the bottleneck slowly pushed down until 1.3 Ma-early Pleistocene (total period of 25.2 Ma; Table 1 ). In the final period of bottleneck presence, in some population of P. nigra from metapopulation BB, the demographic mixed expansion combined with strong positive selection appeared at 4.3 Ma (early Pliocene). This phenomenon reached 17% of populations and reached maximum at 3.9 Ma (middle Pliocene); after a very short period between 2.7 and 2.4 Ma, the mixed expansion with strong positive selection had declined (Table 1 ). The pure expansion had very little presence in the Black Pine from the Balkan Peninsulas at only 4% of the populations; it started at 2.4-3.6 Ma and finished at 2.4-2.6 Ma (early Pleistocene), with total duration of 0.8-1.2 Ma. The number of populations in permanent equilibrium was 41% and, for some period, increased to 68%. The historical effective population size after the bottleneck and purification selection was av. 3640 individuals; for mixed expansion with strong selection and pure expansion events, N e reached 323 and 663 thousand individuals, respectively (Table 1) .
The sequence of the demographic events for the metapopulations from Western Europe (AA) and the Balkan Peninsula (BB) is similar: The purification selection predated the pure bottleneck, followed by mixed expansion with positive selection and pure expansion. In general, the reducing events predate expansion. For the meta-population from Asia Minor (CC), the sequence of the demographic scenarios is little different. The bottleneck started before purification selection at 9.8 Ma and reached its maximum at 8.5 Ma for 15% of the populations (late Miocene; Table 1 ). The decline started at 4.3 Ma and quickly finished at 4.1 Ma. The bottleneck lasted in this region was 4.4-5.4 Ma. The purification selection appeared approximately one Ma after the bottleneck at 8.9 Ma (late Miocene) and after a short period reached up to 29% of populations (8.1 Ma; Table 1 ). The decline started at 5.3 Ma and finished at 3.9 Ma (Pliocene). The total duration of purification selection was 2.8-4.9 Ma. The pure expansion predated the mixed expansion, started at 4.9 Ma and reached maximum presence for 41% of populations at 4.3 Ma. After that, the pure expansion started to decline at 2.5 Ma and definitively ended at 1.9 Ma (early Pleistocene; Table 1 ). The total duration of the pure expansion was 1.8-3.0 Ma. The mixed expansion with strong positive selection started after the pure expansion for the population from the Asia Minor at 4.0 Ma and reached a maximum 15% of the population at 3.6 Ma. The decline finished shortly at 2.4 Ma (early Pleistocene; Table 1 ). The total period of mixed expansion was 1.2-1.6 Ma. The effective population sizes after diversity-reducing events were between 1820 and 2730 individuals and between 484 and 754 thousand individuals after the expansion events, respectively. As far as we are aware, no data are available for P. nigra to compare with those reported here ( Table 1) .
The European Black Pine meta-populations generally experienced a weak bottleneck with an east-west gradient. This phenomenon occurred earlier than the last significant range expansion. The effective population size values obtained here are between 1820 and 3640 individuals immediately after the bottlenecks, which are close to the average value of 3190 individuals for the modern N e of Pinus contorta Douglas ex Loudon in North America (Marshall et al. 2002) . Long-term isolation and stability is probably the origin of the small number of haplotypes in some P. nigra populations, as observed in Rhamnus populations (Hampe et al. 2003 ) from the same region.
The comparison between the cpDNA and nuDNA bottlenecks shows that nuclear DNA supports a strong bottleneck for P. nigra (Table 2 ). The recently published data from nuclear DNA support the hypothesis of an old reduction in population size (Naydenov et al. 2015) . Some Black Pine N e declines started 1.8 Ma, and others ended 0.2 Ma (middle to late Pleistocene; at HPD-50%). Subsequently, effective population size remained relatively stable until 60,000 years BP (upper Pleistocene, during the last glaciation), and then human activity probably pushed N e to further decline during the Holocene to the present day. The results obtained for the eastern part of the Balkan Peninsula from MSVR v.04 and M-ratio algorithms (Beaumont 1999; Garza and Williamson 2001 ) present a strong bottleneck. It is normal for cpSSR to show a weaker bottleneck than nuSSR due to their large effective population size, low mutation rate (μ) and wider/large effective radius of distribution. The ancient bottleneck of Black Pine populations from the Balkan Peninsula is not surprising, compared to the 14.0-18.4 Ma bottleneck recorded for Iochrominae taxa (Paape et al. 2008) . Bottleneck is not peculiar to Black Pine, among the Mediterranean's pines (Kamari et al. 2010; Naydenov et al. 2011 Naydenov et al. , 2014 Naydenov et al. , 2015 . All of them suffered significant reductions of their effective population size throughout different periods in their history (Table 2) . Nuclear DNA (nuSSR) analysis showed bottlenecks for P. halepensis (≈0-0.005 and ≈0.2-1.7 Ma; Pleistocene), P. pinaster (≈0-0.007 Ma; Holocene) and P. sylvestris (≈0-0.026 Ma, since the Pleistocene). For this period, the same species have lost nuclear effective population size more of 81% (at HPD-50%). It seems that European Black Pine, Aleppo pine and Scots pine bottlenecks are independent and thus result from independent evolutionary mechanisms.
The observed pure and mixed expansion started with large differences in the numbers of individuals (N e-o ), from 4 up to 12,000 (Tables 3S-4S from Appendix, Electronic supplementary material), and indicates an important adaptation capacity and significant variants of principal demographic scenarios. It is likely that (a) the restricted number of N e-o is the result of new mutations or natural hybridization very well adapted to local biotic and abiotic conditions. Further, (b) the large N e-o number is the result of sudden climatic change or migration in new geographic area accompanied by resonance with the successional species in the new ecosystem. The result of population expansion increased the effective population size (N e−1 ) generally between 37 and 909 thousand individuals (Tables 3S-4S) .
Adaptation capacity and subspecies structure
European Black Pine adaptation capacity and subspecies structure probably resulted from a strong positive natural selection with selective sweep (reduction or elimination of variation among the nucleotides in the neighboring DNA of a mutation). A selective sweep occurs with a new mutation, which increases the fitness of the new individual to other members of the population. After natural selection, individuals with stronger fitness will increase in frequency. Then, all genetic neutral variations (hitchhikers) linked to the new mutation will increase at the same time. Hitchhiking may possibly result in part of the European Black Pine's morphological variability and retained ancestral polymorphism. The linked background selection and selective sweep are parts/cases of the general process known at the present day as the Hill-Robertson effect (Cameron et al. 2008 ).
The significant presence of the populations in equilibrium
There is a significant presence of the populations in equilibrium: 32-58% for meta-population AA, 41-79% for meta-population BB and 29-85% for meta-population CC (Table 1) . Additionally, the European Black Pine has the capacity for populations to very quickly reach equilibrium Eur J Forest Res (2017) 136:767-786 781 after expansion or bottleneck. We have observed that the majority of single populations (not the meta-populations), approximately 80%, are under historical expansion or reducing demographic scenarios, after which they reached genetic equilibrium and remained there for a very long time (i.e., observed only two demographic steps). Exceptions from this rule have been observed for: TR-14, TR-22 and TR-27 from bottleneck to purification selection and finish in equilibrium; BG-7, CY-02, ES-03, GR-02 and RO-03 from bottleneck through equilibrium to mixed expansion and finish in equilibrium; CY-01, ES-02, RO-02, TR-03, TR-05, TR-06, TR-07 and TR-11 from purification selection through equilibrium to pure expansion and finish in equilibrium; and BG-03, ES-05, GR-01 and RO-04 from pure to mixed expansion and finish in equilibrium (Tables 1S-5S from Appendix, Electronic supplementary material). The full cycle of historical genetic demographic fluctuation in natural populations as "purification selection → bottleneck → mixed expansion → equilibrium → pure expansion → purification selection →" has been generally observed at the meta-population level (i.e., AA, BB and CC, see Table 2 ). This is very important and suggests that the future conservation strategies must reach the meta-population level to better protect biodiversity in each region. The single population strategy for conservation management appears more appropriate for a short-term solution (i.e., non-sustainable). For this reason, the protection of biodiversity must be a priority of international efforts and not only for local national indicatives. The collective international effort to prevent forest resources from forest fire should continue, and protection from illegal harvesting and large pan-European programs for reforestation and protection of biodiversity are urgent.
Conclusions
Periodically, different European Black Pine populations from their fragmented natural area of distribution went through a bottleneck in the limit of each of the metapopulation. The period of bottleneck (and diversity-reducing events) for chloroplast DNA is relatively long and can differ between different meta-populations; in contrast, for nuclear DNA, the bottleneck is shorter and stronger. Small and isolated populations may not accurately represent ancestral population structure in different parts of its natural distribution. This type of bottleneck has a founder effect, and multiple varieties and subspecies over areas of distribution confirm this statement (Ivanov 1971; Kostov 1974; Mihailov 1983 Mihailov , 1987 Mihailov , 1993 Mihailov , 1998 . The multiple specific forms and phenotypic varieties are reported over full areas of the natural distribution of European Black Pine (Gulcu and Ucler 2008; Akkemik et al. 2010; Bogunic et al. 2010; Sivacioglu and Ayan 2010) . The phenotype variability exists in micro-and macro-geographic schedules. Later, the founder effect can lead to individual-based speciation (Crow and Morton 1955; Eyre-Walker et al. 2002) . The speciation and migration are opposite and complimentary for the historic development of populations. The low migration pattern and multiple phenotypic forms confirm the permanent "sympatric speciation" for European Black Pine. The very long bottleneck is possibly due to incomplete isolation; the observed spatial distribution today has changed significantly through time (for millions of years), and some isolated populations today were probably related in the past (and vice versa). This is a possible relationship between the observed reduction of effective population size and multiple subspecies and variety structure of P. nigra.
